Potassium channels play major roles in the regulation of many aspects of neuronal excitability. These channels are particularly well suited for such multiplicity of roles since there is a large diversity of channel types. This diversity contributes to the ability of specific neurons (and possibly different regions of the same neuron) to respond uniquely to a given input. Neuronal integration depends on the local response of spatially segregated inputs to the cell and the communication of these integration centers with the axon. Therefore, the functional implications of a given set of K+ channels varies depending on their precise location on the neuronal surface. Site-specific antibodies were utilized to characterize the distribution of KV3.1 b, a subunit of voltage-gated K+ channels in CNS neurons. KV3.1 b subunits are expressed in specific neuronal populations of the rat brain, such as cerebellar granule cells, projecting neurons of deep cerebellar nuclei, the substantia nigra pars-reticulata, the globus pallidus, and the ventral thalamus (reticular thalamic nucleus, ventral lateral geniculate and zona incerta). The KV3.1 b protein is also present in various neuronal populations involved in the processing of auditory signals, including the inferior colliculus, the nuclei of the lateral lemniscus, the superior olive, and some parts of the cochlear nuclei; as well as in several other neuronal groups in the brainstem (e.g., in the oculomotor nucleus, the pontine nuclei, the reticulotegmental nucleus of the pons, trigeminal and vestibular nuclei, and the reticular formation) and subsets of neurons in the neocortex, the hippocampus and the caudate-putamen shown by double staining to correspond to neurons containing parvalbumin. KV3.lb subunits are localized predominantly in somatic and axonal membranes (particularly in axonal terminal fields) but are much less prominent in dendritic arborizations. This distribution is different than that of other subunits of voltage gated K+ channels and is consistent with a role in the modulation of action potentials. KV3.1 b pro- Recei ved Oct. 26, 1994; revised Feb. 3, 1995; accepted Feb. 7, 1995 Recombinant DNA techniques have revealed the existence of a large number of primary subunits of voltage-gated K+ channels in mammals. These subunits have been classified in two groups (or families), both members of the S4 superfamily of ion channel proteins. The first group is usually divided in four subgroups (or subfamilies) each consisting of the homologs of the products of four closely related genes in Drosophila (Shaker, Shab, Shaw, and Shal) Perney and Kaczmarek, 1991; Rudy et al., 1991a; Pongs 1992; Salkoff et al., 1992) . The second family consists of proteins related to the product of the Drosophila eag gene (Warmke and Ganetzky, 1994) . The genes and gene products of the first family (thereafter called collectively Sh) have been studied most extensively. Individual Sh subunits form functional tetrameric voltage gated K+ channels when expressed in Xenopus laevis oocytes or other heterologous expression systems. In addition, subunits of the same Sh subfamily (but not of different subfamilies) can combine with each other leading to the formation of heteromultimeric channels with distinct functional properties (Christie et al., 1990; Isacoff et al., 1990; Ruppersberg et al., 1990; Covarrubias et al., 1991; Weiser et al., 1994) . Moreover, the channels formed by at least some Sh subunits can interact with auxiliary (p) subunits which can modify channel properties (Chabala et al., 1993; Rettig et al., 1994; Scott et al., 1994; Serodio et al., 1994) . Taking all these factors in consideration, these subunits can potentially result in the formation of several hundred functionally distinct voltage-gated K+ channels. This large diversity could provide a mechanism to achieve subtle differences in neuronal integration. However, the molecular composition of native voltage-gated K+ channels is for the most part unknown. Although all known Sh and eag proteins are present in neurons, the channels containing these proteins have not been identified. Therefore, it is not known how much of the potential diversity predicted by molecular analysis is actually utilized by neurons or other cells.
In order to pursue this problem it is necessary to identify and characterize the native channels containing a given subunit(s), a task which in turn requires identifying cells expressing the sub-unit(s) of interest. It would then be possible to explore with electrophysiological methods whether those cells have channels with functional properties similar to those seen in heterologous expression systems.
The identification of native channels containing Shaw-related subunits is particularly challenging since in oocytes (Yokoyama et al., 1989; Luneau et al., 1991; Rudy et al., 1991b; Vega-Saenz de Miera et al., 1992 , 1994 Weiser et al., 1994) and in Chinese hamster ovary (CHO) cells (Moreno et al., 1995) , they express channels that start activating only when the membrane is depolarized beyond -20 mV and are very sensitive to TEA and 4-AP Under certain circumstances neurons may use such channels to regulate action potential duration instead of using K+ channels activating at more negative voltages since the latter [in addition to affecting action potential duration] could also affect other features of excitability. Such speculations are interesting, however, there is no evidence that native channels containing Shaw subunits have properties similar to those of Shaw channels in heterologous expression systems. Moreover, although channels with these properties are not among the most typically recorded from CNS neurons, some Shaw mRNAs are as abundant in total brain RNA preparations as other K+ channel transcripts .
In situ hybridization studies exploring the expression of the mRNA products of the four known genes of the Shaw subfamily in the CNS have shown that these components are present in specific neuronal populations (Perney et al., 1992; Rudy et al., 1992; Weiser et al., 1994) . Before proceeding with electrophysiological analysis of these neurons, it is necessary to investigate the localization of the proteins themselves at the subcellular level. For this purpose we are raising antibodies against Shaw proteins. The subcellular localization of KV3.lb proteins, the most abundant product of the KV3.1 gene in neurons of the rat brain, is presented in this article. The nomenclature of Sh genes and products proposed by Chandy et al. (1991) was used throughout this article.
Segregation of ion channels to specific parts of cells, including muscle fibers, epithelial cells, peripheral receptors and neurons is of enormous physiological significance (Almers and Sterling, 1984; Llinas, 1988; Shepherd, 1990; Kandel et al., 1991; Hille, 1992) . For example, neuronal integration depends on the local response of spatially segregated inputs to the cell and the communication of these integration centers with the axon. Therefore, the functional implications of a given set of ion channels will depend on their precise location on the neuronal surface. The present study, therefore, in addition to providing information useful for the electrophysiological identification of native channels containing KV3.lb proteins, contributes to the knowledge of the arrays of distributions that channels may have in CNS neurons. Immunoblot analysis of KV3.lb-specific antisera. A, Immunoblots of SDS gel fractionated rat brain membranes treated with KV3.lb antibodies (-P) or with KV3.lb antibodies incubated with an excess of KVS.lb peptihe (+P). B, Immunoblots of SDS gel fractionated in vitro translated KV3.1 b protein treated with KV3. lb antibodies I -f-R) or with KV3.lb antibodies incubated with an excess of KV3.lb peptide (+P) are compared to an immunoblot of SDS gel fractionated rat brain membranes (BM) treated with KV3.lb antibodies. -R shows an immunoblot of an in vitro translation reaction carried out without KV3.lb cRNA. C, Immunoblots of SDS gel fractionated membranes derived from various brain regions treated with KV3.lb antibodies. H, Hippocampus; Cb, cerebellum; CX, cortex; Bs, brainstem; T, thalamus.
Materials and Methods
Antibody production. The peptide CKESPVIAKYMPTEAVRVT was synthesized at the Department of Pharmacology, New York University Medical Center. This peptide, corresponding to the carboxyl terminal sequence of the KV3.lb protein (residues 567-585) (Luneau et al., 1991) , was coupled via the cysteine to keyhole limpet hemocyanin (KLH). The KLH-linked KV3.lb peptide was iniected into rabbits using standard procedures for antiserum production -by Berkeley Antibod; Comoanv (Richmond. CA). For affinitv nurification. the KVS.lb Dentide 'was' coupled to Sulfolink Sepharose resin (Pierce, Rockford: IL) via the cysteine residue and the antibodies purified following supplier's protocols. The preparation and characterization of KV3.2-specific antisera are described elsewhere (Moreno et al., 1995) . of KV3.1 b Subunits Figure 2 . Immunolocalization of the KV3.1b protein in the rat brain. A, Coronal section at the level of the diagonal band of Broca. B, Coronal section at the level of the anterior portion of the hippocampus. C, Coronal section at the level of the subthalamic nucleus. D, Coronal section at the level of the superior colliculus (without the overlying cortex). E, Coronal section at the level of the inferior colliculus (without the overlying cortex). F, Coronal section at the level of the cerebellum. Note the specific regional expression of the KV3. lb protein (dark areas) and the lack of significant staining in the corpus striatum (A and B) and most of the dorsal thalamus (B and C) including the medial geniculate (D). Abbreviations: CAI, CA1 region of hippocampus; CA2, CA2 region of hippocampus; CA3, CA3 region of hippocampus; Ch, cochlear nuclei; CS, corpus striatum; CX, cortex; DB, nucleus of the diagonal band of Broca; DCrz, deep cerebellar nuclei; DC, dentate gyms; DLL, dorsal lateral lemniscus nucleus; GP, globus pallidus; Gr, granule cell layer of the cerebellar cortex; ZC, inferior colliculus; ZGL, intermediary gray layer; MG, medial geniculate; Mel, molecular cell layer of the cerebellar cortex; Pir, piriform cortex; Pn, pontine nucleus; PR, pontine reticular nucleus; Pr5, principal trigeminal nucleus; R, red nucleus; RT, reticular thalamic nucleus; Rt, reticular formation; RtTg, reticulotegmental nucleus of the pans; SC, superior colliculus;
In vitro translation. Wheat-germ lysate was utilized to prepare in vitro translated protein from 0.4 ~*.g of in vitro transcribed KV3.1 b RNA as described in Erikson and Blodei (1983) . The reaction was carried out at 28°C for 1 hr and proteins TCA orecioitated with 10% TCA and resuspended in SDS electrophoresis buffer_ Preparation of membrane extracts. Adult (150-200 gm) SpragueDawley rats were decapitated and their brains removed. The desired brain areas were quickly dissected and immediately frozen in liquid N, and stored at -70°C until use. Lysed membranes (P3 fractions) were prepared as described in Hartshorne and Catterall(l984) and solubilized in a 2% Triton X-100 solution containing 50 mM potassium phosphate buffer pH 7.4, 50 mM KCl, 2 mM EDTA, and 1 mM pepstatin A, 1 mM 1,lO phenanthroline, 0.2 mu PMSE and 1 mM iodoacetamide to inhibit proteases. Solubilized membranes were stored in 50% glycerol at -20°C at 10-20 mg/ml.
Immunoblot ana&sis. Solubilized membranes (-100 (J-g of protein) were diluted with an equal volume of SDS sample buffer (10% glycerol, 5% @mercaptoethanol; 0.001% (weight) bromphenol blue and 3% SDS in 60 mM Tris pH 6.8), heated for 3 min at 8O"C, and electrophoresed in a 10% SDS polyacrylamide gel (Harlow and Lane, 1988) . The electrophoresed proteins were transferred onto a nitrocellulose filter (BioRad) and the Western blot incubated with KV3.lb antibodies at a 1:5000 dilution. followed bv incubation with horseradish oeroxidaselinked anti-rabbit secondary*antibodies prepared in donkey: Bound antibodies were detected using chemiluminescence with an ECL detection kit (Amersham).
Immunohistochemistry. Adult male (150-200 gm) Sprague-Dawley rats were deeply anesthetized with sodium pentobarbital (Nembutal; 120 mg/kg, i.p.) and perfused transcardially with saline containing 0.5% NaNO, and 10 U/ml heparin sulfate followed by cold 4% formaldehyde generated from paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4. The brains were postfixed in the same fixative for 1 hr and cryoprotected in 30% sucrose at 4'C overnight. Free-floating sections (30 pm), obtained on a freezing microtome, were washed for 30 min in 0.1 M sodium phosphate-buffered saline (PBS) and preincubated with 1% bovine serum albumin (BSA, Sigma Fraction V) and 0.2% Triton X-100 in 0.1 M PBS. The sections were then washed in PBS containing 0.5% BSA (PBS-BSA) and incubated overnight with KV3.lb (1:5000, unless otherwise indicated) or KV3.2 (l/100) antisera. After washing in PBS-BSA the sections were incubated for '1 hr with biotinylated anti-rabbit IgG (1:200, Vector Laboratories, Burlingame, CA). The tissue was washed and incubated for 1 hr with the avidin-biotin horseradish peroxidase complex according to Vectastain Elite ABC kit instructions (Vector Laboratories). The antigens were visualized by reaction with the chromogen 3,3'-diaminobenzidine-tetrahydrochloride (DAB, Aldrich) and hydrogen peroxide for 5 min. Sections were mounted on gelatin-coated slides, dehydrated through graded ethanols, counterstained with cresyl violet when necessary, and coverslipped with Permount (Fisher Scientific, St. Louis, MO). The atlas by Paxinos and Watson (1986) and the book by Paxinos (1985) were used as guides to identify CNS neuronal populations and axonal projections.
Some HRP-reacted sections were embedded in plastic for analysis with light and electron microscopy. These sections were postfixed in 1% osmium tetroxide for 20 min, dehydrated in ethyl alcohol, and flat embedded in Durcupan (FIuka) by sandwiching between two sheets of polyethylene. The embedded slices were viewed directly through the plastic with the light microscope and ultrathin sections were made and mounted on grids for observation in a JEOL electron microscope.
In situ hybridization histochemistry. Adult male Sprague-Dawley rats were perfused and brains were sectioned as above. Sections (40 pm) were processed for in situ hybridization histochemistry with a KV3.1. or a KV3.2.specific probe as previously described .
Immunojluorescence. For immunofluorescence Sprague-Dawley rats were perfused with a fixative containing 4% formaldehyde and 0.1% glutaraldehyde. Coronal sections (80 wrn) were cut on a vibratome (Lanzer series 1000) and placed in 0.1 G PBS for 20 hr at 4°C to remove the fixative. After four washes in PBS alvcine (0.1% elvcine). the sections were incubated for 30 min in a blocking buffer Tl'% normal donkey serum, 1% BSA, 1% fish gelatin, 0.5% Triton-X100 in PBS). Following a 20 min rinse in working buffer (1% normal donkey serum, t 0.1% BSA, 0.1% fish gelatin, 0.1% Triton X-100 in PBS) primary antibodies were added. The sections were incubated overnight in rotating vials at 4°C. Following six washes (10 min each) in working buffer, fluorescent secondary antibodies were applied for 1 hr. After five rinses in PBS the sections were mounted on glass slides and treated with antifade medium. The slides were coverslipped, sealed with nail polish, and stored at 4°C.
The following primary antibody concentrations were used: affinity purified KV3.1 b antibodies at a 1:50 dilution and antibodies against parvalbumin (raised in mouse, Sigma Chemicals) at 1: 100. As secondary antibodies we used FITC-(fluorescein) labeled anti-rabbit IgG (orepared in donkey, Jackson Immune Research Laboratories) for-KV?.lb staining and LSRC (lissamine rhodamine)-labeled anti-mouse IgG (prepared in donkey, Jackson Immuno Research Laboratories) for parvalbumin staining. Both were applied at a 1:75 dilution.
To visualize the labeling we used a confocal microscope (Zeiss Axiovert 35M) equipped with a fluorescence detection system (Bio-Rad MRC 600) and an argon-krypton mixed gas laser. Pictures were collected digitally and transferred to a graphics program (Adobe PHOTOSH-OP). The picture files were pseudocolored and printed on a color printer (Tektronix).
Results

Characterization of KV3.Ib-speci$c antibodies
There are two known transcripts of the KV3.1 gene called KV3.la and KV3. lb. These transcripts are generated via alternative splicing and predict proteins that differ only in their carboxy1 ends; in the KV3.lb protein, the last 10 amino acids of KV3.la are replaced by 84 residues (Luneau et al., 1991) . Northern blot analysis and in situ hybridization studies show that KV3.1 b is by far more abundant than KV3.la in the adult rat brain (Luneau et al., 1991; Perney et al., 1992; Rudy et al., 1992; Vega-Saenz de Miera et al., 1994) . Antibodies specific for the KV3.lb protein were raised in rabbits immunized with a peptide corresponding to the C-terminal 19 residues of KV3.lb. On immunoblots of denatured protein extracts of rat brain membranes, the antibodies recognize a diffuse band of SO-90 kDa ( The protein recognized by KV3.1 b antibodies is much more abundant in membranes derived from the cerebellum than in membranes derived from other brain areas (Fig. lC) , as was the case for KV3.1 mRNAs (Perney et al., 1992; Rudy et al., 1992; Weiser et al., 1994) . In fact, the relative levels of intensity of the 80-90 kDa band in membranes from several brain regions (cerebellum + brainstem > thalamus > cortex -hippocampus) correspond to the relative levels of KV3.1 mRNAs in these various areas of the brain (Perney et al., 1992; Rudy et al., 1992; Weiser et al., 1994) . Interestingly, the size of the band recogSNr, substantia nigra pars reticulata; STh, subthalamic nucleus; VU, ventral lateral lemniscus nucleus; VP, ventral posterior thalamic complex; ZZ, zona incerta. Scale bar: A, 3 mm; B, 3.6 mm; C, 3.5 mm; D, 1.95 mm; E, 2.1 mm; F, 3.3 mm. nized by the antibody is not the same in membrane extracts from different brain areas. This is unlikely to be the result of nonspecific proteolytic activity since we have observed the same differences with three different membrane preparations. Similar differences were also described for the KV1.2 protein (Sheng et al., 1994) and may reflect differential posttranslational processing. The functional significance of this is unclear, but could be clarified with further studies to understand the molecular nature of the differences. The KV3.lb antibodies were also useful for immunocytochemical studies of brain sections. The pattern of antibody staining of the rat brain was consistent with the pattern of mRNA localization by in situ hybridization as discussed throughout this article, providing further evidence for their specificity. Furthermore, the immunostaining in brain sections was blocked by preincubating the antibodies with the KV3.lb peptide (data not shown).
Similar distributions qf KV3. I mRNA transcripts and KV3. I b proteins in rat brain Studies of the distribution of KV3.1 mRNAs in the rat CNS utilizing in situ hybridization histochemistry showed that KV3.1 transcripts are present in a specific subset of neuronal populations. Most prominent was the labeling of the cerebellar cortex (Perney et al., 1992; Rudy et al., 1992; Weiser et al., 1994) .
In the present study, we found that, for the most part, there was a correspondence between the relative levels of KV3.1 b protein and mRNA in different brain regions (compare Fig. 2 with Weiser et al., 1994) . The cerebellar cortex was also the area displaying strongest signals in immunohistochemistry (Fig. 2F ). Other regions with strong to moderate immunostaining also correspond to regions expressing high to moderate mRNA levels, for example, the reticular thalamic nucleus (RT, Fig. 2&C ), the inferior colliculus (IC, Fig. 2E ), the subthalamic nucleus and the zona incerta (STh and ZI, Fig. 2C ), the substantia nigra pars reticulata (SNr, Fig. 20 ) the pontine nuclei (Pn), reticulotegmental nucleus of the pons (RtTg), pontine reticular nucleus (PR), and the nuclei of the lateral lemniscus (DLL, VLL) (Fig. 2E) , as well as several neuronal groups in the hindbrain (Fig. 2F) including the ventral cochlear nucleus (Ch), various parts of the trigeminal (i.e., Pr5) and reticular nuclei (Rt), and others not shown here. At the same time, regions which appear to express relatively less protein, such as the caudate-putamen (CS, Fig. 2A,B) , the medial geniculate (MG) and several other nuclei of the dorsal thalamus (Fig. 2B-D ) also correspond to regions where mRNA levels appeared to be low or absent.
The correspondence between mRNA and protein distribution is further illustrated in the RT. Both KV3.1 mRNA (see inset in Fig. 3A ) and KV3.lb protein (Fig. 3A) are concentrated on the RT with lower levels of expression in the dorsal thalamus. Since the mRNA is usually concentrated in the cytoplasm of the cell bodies of expressing neurons, the overall correspondence between mRNA and protein localization in the case of KV3.1 b suggests that in most neuronal populations expressing KV3.1 mRNA there is protein in the somatic compartment.
There are a few discrepancies between KV3.1 mRNA and protein localization. There are three brain areas which express little or no KV3.1 mRNA but show strong signals in immunohistochemistry. One of these is the superior colliculus (SC). In this brain area we found KV3.1 mRNA only in scattered neurons in the intermediary gray layer (IGL) . Protein is also present in these cells (Fig. 20) ; however, superficial layers of the superior colliculi were also strongly stained by the antiserum (Fig. 20) .
There is also a lack of correspondence between mRNA expression and immunostaining in the hypothalamus. Here the mRNA was present in a few scattered neurons that were not identified further . In the present study, we found that in addition to somatic staining of hypothalamic neurons in preoptic nuclei and others, there is a diffuse immunostaining of the neuropile throughout the hypothalamus, particularly strong in the lateral portion (LH, Fig. 2C ). The third major discrepancy between protein and mRNA localization was observed in the cerebellar cortex. Protein levels appear to be very high in both the molecular (Mol) and granule (Gr) cell layers ( Fig. 2F ), but the mRNA was localized mainly in granule cells. As discussed below, this discrepancy is due to the presence of KV3.lb protein in the axons of the granule cells, the parallel fiber system. Thus, the immunostaining in the superficial layers of the superior colliculus and the hypothalamus may also be due to the presence of protein in axons projecting from KV3.lb expressing neurons.
We have also found one neuronal population, the mitral cells of the olfactory bulb, where mRNA was present but little or no protein was detected (see below). Similarly, Weiser et al. (1994) reported that cerebellar Purkinje cells in the flocculus had low but above background expression of KV3.1 mRNA, but here we find no immunostaining of floccular Purkinje cell somata.
KV3.Ib protein in somatodendritic membrane
The localization of KV3.1 b protein in the somatic membrane of several neuronal populations is further illustrated in Figures 3-9. Somatodendritic staining with the KV3.1 b antibodies is clear in neurons of the RT (Fig. 3A,C) . The specificity of this image is emphasized by comparing it to that produced by antibodies against the related KV3.2 K+ channel subunits which, in the RT, only stain fibers ; see also Fig. 3&D ) thought to correspond to the collaterals of axons from thalamic relay neurons .
Strong immunostaining with KV3.lb antibodies was also observed in the cell bodies and proximal dendrites of neurons in the globus pallidus (GP Fig. 4A,B) , subsets of neurons in the cerebral cortex, hippocampus and corpus striatum (Figs. 5, 6 ), as well as in the granule cells of the cerebellum (Fig. 7B,C) . Somatodendritic KV3.1 b protein was also seen in several other neuronal populations expressing KV3.1 b mRNA (Table 1) . The somas of most neuronal types expressing the mRNA were clearly immunostained by the antibody. Often there is staining field photomicrograph of area of the RT indicated in A and B, respectively. Arrows point to the same structure in the low power and high power images. Note that KV3.lb antibodies label somas and proximal dendrites in the RT while KV3.2 antibodies label only fibers and puncta. These fibers are thought to correspond to the collaterals of axons from thalamic relay neurons (Moreno et al., 1995 In C fibers corresnondinn to the axonal nroiections between the globus nallidus and the STh are clearly labeled (see triple arrowheads). D shows the outline staining of neurtnal somata in ihe"STh (arrow), and &ong labeled puncta (arrowheads). &her abbreviations: CP, caudateputamen; VP, ventral posterior thalamic complex; RT, reticular thalamic nucleus; ZI, zona incerta. Scale bar: A, 700 pm; B and D, 80 km; C, 430 of the cytoplasm, particularly close to the membrane, as seen for other membrane proteins (Ellisman and Levinson, 1982; Ariyasu et al., 1987; Black et al., 1989) . However, in some cases, such as the subthalamic nucleus (STh, Fig. 40 ) the staining of cell bodies was faint and the surrounding neuropil was strongly stained.
In some instances the lack of contrast in the staining of somas and surrounding fibers made it difficult to decide whether the somatic staining seen in those areas was due to the presence of protein in somatic membrane or whether it was the result of the presence of protein in terminals surrounding the cell body. For example, in the hippocampus low levels of mRNA were found in pyramidal cells of the CA1 and CA3 field of Ammon's horn and granule cells in the dentate gyrus in addition to the strong staining of a subset of interneurons . As discussed below the soma and axon of the interneurons were strongly immunostained by the antibody, however, due to the staining of the axonal plexus of interneurons in the pyramidal and granule cell layers it was difficult to decide whether the cell bodies of pyramidal and granule cells were also stained. Other examples such as this one are listed in Table 1 as inconclusive.
Expression of KV3.Ib subunits in subpopulations of neurons in the cerebral cortex, hippocampus, and corpus striatum One of the interesting results of the in situ hybridization studies investigating the expression of mRNA transcripts for several Shaw K+ channel genes including KV3.1 and the related gene KV3.2 was the finding that these genes were expressed in distinct subsets of neurons in the cortex, hippocampus, and caudate-putamen. Based on the distribution of labeled cells, Weiser et al. (1994) suggested that the mRNA was present in interneurons.
Strong immunostaining with the KV3.lb antibodies was also seen in a subset of neurons in the neocortex, hippocampus and corpus striatum (Fig. 5) . The distribution of these cells is the same to that obtained by in situ hybridization , but the immunocytochemistry has allowed further identification of these cells.
In the hippocampus, most of the stained cells have somas on the stratum pyramidalis close to the borders with the stratum oriens and the stratum radiatum as well as on the subgranular zone of the dentate gyrus (Fig. SC,@ , and are mostly basket cells (Fig. 5D) . A few stained cells are present in the stratum oriens proper and in the hilus (Fig. SC) . Similarly stained cells Figure 5 . Expression of KVS.lb proteins in subsets of neurons in the neocortex, the hippocampus and the corpus striatum (CS). Low power bright-field photomicrograph of the neocortex (A), the hippocampus (C), and the CS (E) following immunostaining with antibodies directed against KV3.lb-specific peptides. Note that labeled cells are distributed throughout layers II-VI in the neocortex and throughout the corpus striatum. In the hippocampus stained somas are located mainly along the borders of the stratus pyramidalis with the stratum oriens (SO) and stratum radiatum (SR) as well as on the edges of the stratum granulosum of dentate gyms (DG); B, D, and F, High power bright-field photomicrograph of area seen in A, C, and E, respectively. Arrows point to the same cell in the low power and high power images. Note the strong labeling of somas and proximal dendrites of neurons in the three brain areas. In the hippocampus (D) there is also labeling of the axonal plexus in stratus pyramidalis and weak staining of fine dendrites in the stratum radiatum. In these experiments, KV3.lb antibodies were used at a 1:lOOO dilution to illustrate the weak staining of secondary dendrites in hippocampal interneurons, but not in the cortex and caudate-putamen. Abbreviations: CAI, CA2, CA3, CAl, CA2, and CA3 region of hippocampus. Scale bar: A, 570 pm; B, 50 urn; C, 727 pm; D, 100 pm; E, 400 pm; F, 28.5 urn. were also seen in the subiculum (data not shown). The numbers, distribution and morphology of these cells are very similar to those of a subset of GABA-containing interneurons in the hippocampus which display parvalbumin-like immunoreactivity (Celio and Heizmann, 1981; Kozaka et al., 1987; Sloviter 1989 ; reviewed in Celio, 1990) .
To examine this further we utilized double labeling with the KV3.1 b antibodies (raised in rabbit) and antibodies against parvalbumin (PV) (raised in mouse), and explored the staining of cells by immunofluorescence in a confocal microscope (Fig.   6A,B) .
Anti-rabbit and anti-mouse secondary antibodies with two different fluorescent markers (see Materials and Methods) were used to distinguish between KV3.lb and PV immunostaining. Most cells immunostained for KV3.lb (green) are also stained for parvalbumin (red) and vice versa. Outside of the center of the cell, both labels tend to overlap producing a yellow color (Fig. 6B) .
In the cortex, the neurons expressing KV3.1 b protein are of the multipolar or bitufted type (Fig. 5B) , are present throughout layers II-VI, and are also immunopositive for PV (not shown).
We also found that the KV3.lb antibodies stained a small number of dispersed cells in the caudate-putamen (Fig. 5E,F) , as was reported for the mRNA . These are usually multipolar cells, with somas of 20 pm in diameter. Double staining with the parvalbumin antibody demonstrates (Fig.  6C,D hippocampal interneurons (Fig. 5D ). However; even at 1:lOOO or even higher concentrations of antibody we were unable to see much staining of secondary dendrites in most neuronal populations expressing high levels of sdmatic KV3.1 b protein, for example, in the neurons of the cortex and the caudate-putamen (Fig. 5B,F , respectively).
The KV3:lb protein is also present in the membrane of projecting axons and terminals Many brain areas show immunostaining not associated with cell bodies. For example, in the subthalamic nucleus (Fig. 40) , besides the outline staining of cell bodies, numerous fine stained fibers were seen. In addition the antibody labeled puncta, suggestive of the presence of protein in axonal terminals or other axonal swellings (indicated by arrowheads in Fig. 40 ). Faintly stained fibers are also present in the cerebral peduncle that appear to be entering (or leaving) the subthalamic nucleus (arrowheads, Fig. 4C ) with a pattern resembling that of the axonal projections between the globus pallidus and the subthalamic nucleus (Carpenter et al., 1981a,b) . The KV3.lb protein is also present in the axons of the hippocampal interneurons described above. In addition to the somatic staining of these neurons there is a fine net-like pattern of labeling in the stratum pyramidalis of the CAl-CA3 fields of Ammon's horn (Figs. 5D, 6A ,B) and the stratum granulosum (not shown). These fibers are stained both with KV3.lb and PV antibodies and are yellow with the double staining method used (Fig. 6A,B) . The pattern is very similar to that produced by the axonal plexus of hippocampal interneurons (Kozaka et al., 1987; Katsumaru et al., 1988; Sloviter, 1989) . More compelling evidence of axonal expression of KV3.lb protein was obtained in the cerebellar cortex. The highly organized cytoarchitecture characteristic of this structure facilitates the analysis enormously. The molecular cell layer of the cerebellar cortex was strongly labeled by the KV3.lb antibodies (Fig. 7A,B) . The intensity of the label in the molecular layer is even stronger than that seen in the granule cell layer where the mRNA is concentrated . This labeling could not result from protein present in the scattered basket and stellate cells, although these cells do express low levels of KV3.1 mRNA. Observation of the molecular cell layer at higher magnification (Fig. 7B,D) suggests that the labeling in this area is due to protein present in the parallel fiber system, the axons of the granule cells. The ascending fibers of the parallel fiber system are labeled; these are clearly seen as they cross the unlabeled Purkinje cells (Fig. 7B,D) . The parallel collaterals are also stained producing the pattern of fine horizontal lines seen in Figure 7 , B and D. Basket and stellate cells (Fig. 7B,D) as well the dendrites of Purkinje cells (PCd, Fig. 8A ) are seen as blank areas in the molecular cell layer. Throughout the parallel fibers we also see a strong punctate staining suggestive of labeling in terminal swellings (Fig. 70) .
Electron microscopy immunohistochemistry was used to confirm the presence of KV3.1 b protein in granule cell axons (Fig.  8) . The immunoreaction product is seen in patches in the membrane and underlying cytoplasm of granule cell's somata and dendrites (Fig. 8B ) and in the synaptic boutons (b) of parallel fibers making synapses on Purkinje cell dendritic spines (Fig.  SC) . Interestingly, in these boutons the label was usually not found near presynaptic vesicles, but rather it appears to be associated with axonal membrane away from the presynaptic membrane. There was no labeling of Purkinje cell dendritic spines in the molecular cell layer (s, Fig. SC) or the mossy fibers in the granular cell layer (Fig. 80) .
Diffuse, usually faint, fiber-like labeling was also seen in many other areas with stained somas such as the globus pallidus (Fig. 4B) , the caudate-putamen (Figs. 4A, 5E , 6C,D), and the inferior colliculus, the reticular formation, and the spinal cord (data not shown). These brain areas receive projections (see Paxinos, 1985) from neurons expressing KVS.lb mRNA, and usually also protein, such as the subthalamic nucleus (to the globus pallidus and the striatum), the cochlear and lateral lemniscus nuclei and the superior olive (to the inferior colliculus), the globus pallidus (to the subthalamic nucleus) and the thalamus (to the striatum). Moreover, staining of the neuropile is also observed in some areas lacking stained cell bodies such as the dorsal thalamus (Fig. 3A) which receives projections from many of the neurons expressing KV3.lb (i.e., the RT, SNr, SO, IC, STh, G& reticular formation); the hypothalamus (Fig. 2C ) which receives projections from the septum among other areas; and in superficial layers of the superior colliculus (Fig. 20) . There is a major projection to the superior colliculus from the retina, but the expression of KV3.lb mRNAs or protein in this structure has not been studied. Nevertheless, superficial layers of the superior colliculus also receive axons from the ventral lateral geniculate which has immunostained somata (Table 1) . Thus, it is likely that the immunostaining of the neuropile seen in many areas in the CNS is due to the presence of KV3.lb protein in projecting axons. Usually, the staining of the neuropile is weaker than that of somas. However, not all neurons expressing KVS.lb appear to have protein in their axons. For example, in spite of the fact that many neuronal populations (such as the pontine nuclei, the reticulotegmental nucleus of the pons and the reticular formation, Fig. 2E,F) projecting mossy fibers to the cerebellum are strongly labeled, we did not see evidence of mossy fiber staining (see Figs. 7A,C; SD Moderate to low levels of KV3.1 mRNAs were found by in situ hybridization in several neuronal populations in the olfactory bulb ; see also (Fig.  9C) , which may correspond to axonal projections of the mitral cells. Further studies are required to ascertain whether this labeling is indeed due to protein in axons from mitral cells. Faintly stained fibers were also seen in the external plexiform layer in the olfactory bulb (Fig. 9A ), which could be secondary dendrites of mitral cells, axons or dendrites of tufted cells or afferent fibers.
Discussion
The data presented in this article, together with the results of mRNA expression (Perney et al., 1992; Weiser et al., 1994) illustrate the specific expression of KV3.lb subunits, one of the two known products of the KV3.1 gene, in the rat brain. The neuronal systems expressing highest levels of KV3.1 b products include the granule cells of the cerebellum, neurons in the globus pallidus and the reticular thalamic nucleus as well as most of the central nuclei involved in auditory processing with the exception of the medial geniculate. As it has been pointed out before (Perney et al., 1992; Weiser et al., 1994) , many, but not all, of the neurons expressing KV3.1 b are GABAergic. The availability of antibodies against the KV3.1 b protein has also allowed us to identify the subset of neurons in the hippocampus that express this subunit as parvalbumin (PV) containing interneurons (Celio and Heizmann, 1981; reviewed in Celio, 1990) utilizing double staining methods. PV is believed to serve as a calcium buffer during bursts of action potentials and its presence is thought to correlate with fast firing properties (Celio and Heizmann, 1981; reviewed in Celio, 1990 ). The cells expressing KV3.1 b in the cortex and the caudate-putamen were also found to correspond to PV containing neurons. Interestingly, principal neurons of the reticular thalamus, globus pallidus, inferior colliculus, substantia nigra pars reticulata, zona incerta, subthalamic nucleus, and lateral lemniscus nuclei, which express KV3.lb protein, also contain PV, but notably granule cells of the cerebellum do not (Celio and Heizmann, 1981; Kozaka et al., 1987; reviewed in Celio, 1990) .
At the subcellular level, most of the neuronal populations expressing KV3.1 mRNAs have somatic protein, although somatic staining was much stronger in some cases than others. The subunits also appear to be present in the axons of most, but perhaps not all, KV3.1 b expressing neurons. In most cases the staining of the neuropil was weaker than the staining of cell bodies. In the cerebellum, the staining of the molecular cell layer is stronger than that of the granular cell layer. Our EM analysis suggests that this is due to the high density of parallel fibers in the molecular cell layer and not to increased levels of protein in the axon. The cellular and subcellular distribution of KV3.1 b proteins shown in this article is different than that of the related KV3.2 subunits .
These studies contribute to our knowledge of the arrays of distributions of K+ channels in CNS neurons. and provide key information to select systems where one could search for native channels containing KV3.1 b subunits. The identification of naToward the identijication of native K+ channels containing KV3.Ib proteins In Xenopus oocytes KV3.1 b proteins produce delayed rectifiertype or inactivating type-A K+ channels, depending on whether they are expressed alone, in combination with other Shaw-related subunits expressing delayed rectifiers (e.g., KV3.la or KV3.2) or in combination with inactivating KV3.3 or KV3.4 Shaw-related subunits, as may well be the case in many neuronal populations expressing KV3.1 b given the overlap in mRNA expression . These inactivating subunits have a dominant effect in heteromultimers producing channels that inactivate at intermediary rates . In all cases the channels start activating when the membrane is depolarized beyond -20 mV and are very sensitive to TEA and 4-AP However, native channels containing KV3.lb subunits could have properties different than those of homomultimeric or heteromultimeric KV3.1 b channels in oocytes due to the effects of B subunits or other factors that could influence channel function. For example, the B, subunit induces fast inactivation of delayed rectifier channels of the Shaker subfamily (Rettig et al., 1994) ; putative B-subunits of Shal proteins accelerate inactivation development and recovery and produce small shifts in voltage dependence (Covarrubias et al., 1993; Serodio et al., 1994) . Even more dramatic are the effects of the B-subunit of the Ca*+-activated maxi-K channel, including a >50 mV shift in voltage dependence (McManus et al., 1994) .
The identification in this work of several neuronal somata expressing KV3. lb protein provides us with an opportunity to explore whether these cells have currents corresponding to those expressed by homomultimeric or heteromultimeric KV3.1 b channels in oocytes.
Electrophysiological analysis of the K+ currents in some of these neurons have been previously reported. However, these reports often do not have current separation methods appropriate to ascertain whether there is oocyte-like KV3.1 b currents. For example, in a patch-clamp study of dissociated globus pallidus neurons it was found that a significant portion of the outward current was blocked by 10 mM TEA, but the components of this current were not characterized (Stefani et al., 1992) . Similarly, a study of the voltage-gated channels of cerebellar granule cells was focused on the characterization of the subthreshold A current (Cull-Candy et al., 1989) . Nevertheless, in Figure 6 of that study Cull-Candy et al. have plotted the values of the peak and maintained currents (during pulses of -100 msec) seen before and after application of 2 mM 4-AP From these plots it appears that the maintained component of the current that is blocked by 2 mM 4-AP starts activating at --10 mV. This current may correspond to KV3.1 b channels, but further characterization is clearly required.
It is apparent that electrophysiological experiments specifically designed to search for currents with properties similar to those seen in vitro will be required to conclude whether cells expressing KV3.1 b proteins have oocyte-like KV3.1 b currents. Since many voltage-clamp studies from neurons utilize dissociated embryonic or early postnatal tissue, the availability of the antibodies will be helpful in the selection of conditions to obtain cells expressing the protein.
Functional role of K+ channels containing KV3.Ib proteins tive KV3.lb channels is necessary to understand the functional KV3.1 proteins have been highly conserved throughout mamrole of these channel proteins.
malian evolution suggesting that they play important and spe-cific roles, distinct from those of other related K+ channel subunits, and in particular from KV3.2 proteins which express currents with very similar properties in Xenopus oocytes (VegaSaenz de . If native K+ channels containing KV3.1 b proteins are also activated when the membrane is depolarized beyond -20 mV, as is the case for KV3.1 channels in oocytes, we may expect they will be activated mainly during action potentials or large receptor-mediated depolarizations. Such channels could be effective in repolarizing action potentials or postsynaptic depolarizations if they are present in large enough numbers, so that the current generated by the small fraction of channels that will open at the achieved voltages (and given the time available for opening) can overcome depolarizing currents. This may explain the abundant expression of KV3.1 (or KV3.2, Weiser et al., 1994) subunits in sensory neurons with high firing rates, as well as the correlation between KV3. lb and parvalbumin expression. The predominant somatoaxonal localization of KV3.1 b subunits is consistent with a role in action potential transmission by participating in the repolarization of action potentials. Heteromultimers of KV3.1 subunits with inactivating KV3.3 and KV3.4 proteins may also mediate changes in spike waveform during repetitive firing. The expression of KV3. lb subunits in somas, axons and their terminal fields suggests that these roles include the transmission of action potentials at the soma, their invasion of terminals and perhaps also the local regulation of neurotransmitter release. The low levels of expression in fine dendrites suggests that these channels play little role in the local integration of postsynaptic signals.
Why is a K+ channel that might be used ineffectively conserved throughout evolution if K+ channels that activate at more negative voltages could also repolarize spikes? We can appreciate two differential effects between "high" (>-20 mV) and "low" (>-40) voltage-activating channels that might be of physiological significance. First, high voltage activating K+ channels would have more selective effects. For example, channel activity at more negative voltages could decrease the probability of spike initiation more readily. Moreover, the role of the high voltage activating K+ channels in shortening action potential duration will be restricted to the peak of the action potential. Second, if the K' current through the high voltage-activating channels turns off quickly, as it does in oocytes, the membrane resistance immediately following the spike will be higher. This may be helpful in the generation of multiple spikes during spike trains or spike bursts. In a cell containing both types of channels, their modulation by different second messenger systems may allow the cell to regulate action potential duration independently from action potential generation.
Although KV3.1 and KV3.2 transcripts express similar currents in heterologous expression systems, they are modulated by different second messenger systems and are expressed for the most part in different neuronal populations, including a different subset of interneurons in the cortex and hippocampus . They also appear to be expressed in different subcellular compartments . It is thus possible that the channels containing both types of proteins have similar roles on excitation but play specific roles in different cells depending on their response to modulatory second messenger pathways.
Compartmentalization
of K' channels Although there are striking examples of ion channel segregation to specific membrane regions in different cell types (see reviews by Almers and Sterling, 1984; chapter 19 of Hille, 1992; Rodriguez-Boulan and Powell, 1992; Froehner, 1993; Kelly and Grote, 1993) and there is a clear appreciation of the functional significance of channel segregation in neuronal integration (Llinas, 1988; Shepherd, 1990; Kandel et al., 1991; Hille, 1992) , little is known about the distribution of voltage-gated ion channels, particularly K+ channels, in mammalian CNS neurons. The progress made on the molecular biology of K+ channel proteins has opened the possibility of investigating the segregation of K+ channels in CNS neurons by following an immunocytochemical approach such as the one utilized here and in other recent works (Trimmer et al., 1991; Sheng et al., 1992; Hwang et al., 1993; Sheng et al., 1994; Wang et al., 1994) .
The K+ channels investigated thus far demonstrate the existence of various characteristic distributions.
KV4.2 proteins, for example, have a somatodendritic localization, predominating in dendrites rather than somas, and are present throughout the dendritic tree, including fine dendritic processes (Sheng et al., 1992) . These subunits, which are key components of low voltage activating A channels (Baldwin et al., 1991; Blair et al., 1991; Pak et al., 1991; Serodio et al., 1994) are thus likely to influence postsynaptic integration of input signals. On the other hand, KV1.4 subunits are expressed mainly in axonal terminals (Sheng et al., 1992) .
The Shaker-related K+ channels KVl. 1 and KV1.2 have a variable distribution, depending on the neuronal population. They are present in presynaptic terminals, in the juxtaparanodal region of myelinated axons, in unmyelinated axons, in somas and dendrites (Sheng et al., 1994; Wang et al., 1994) . However, the distribution of levels of expression between these compartments vary among distinct neuronal populations.
KV3.1 b is expressed predominantly in somatic and axonal membranes. Immunostaining was also seen in proximal dendrites of most somas containing protein, but not usually in fine dendrites, in contrast to the dendritic staining with KV4.2 and sometimes with KVl.2 antibodies. For example, both KV4.2 and KV3.1 b are present in the granular cell layer of the cerebellum. However, while the antibodies against KV4.2 immunostain predominantly the glomeruli, where granule cell dendrites contact mossy fibers, with KV3.lb antibodies, the glomeruli are only faintly stained as compared to granule cell somata (compare Fig.  7B ,C with 6G-J in Sheng et al., 1992) .
The pattern of distribution of KV3.1 b is more similar to that displayed by KV 1.1 and KV 1.2 in some neurons. KV 1.1 and/or KV 1.2 may actually coexist with KV3.1 b in these neurons (compare the distribution described here with that of KVl. 1 and KV1.2 in Wang et al., 1994; Sheng et al., 1994) such as the cell bodies and proximal dendrites of neurons in deep cerebellar nuclei, pontine reticular nucleus, the septum, olfactory bulb tufted cells, superior olive and globus pallidus. They may also coexist in several axonal membranes and nerve terminals. KV 1.4 proteins (Sheng et al., 1992) also overlap with KV3.1 b subunits in some CNS terminals.
There are, however, two differences between the pattern of expression of KV3.1 b and the distribution of KVI. 1 and KV 1.2 even in the same cells which can be of considerable functional significance: (1) in most neuronal populations the immunostaining with KV3.1 b antibodies is strongest in somas, while KV 1.2 is reportedly generally weaker in somas than in other parts of the cell; and (2) although the staining of axonal terminal fields with KV3.lb antibodies appears to be extensive, the main nerve trunks carrying the projections of many of the neurons express-
